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ABSTRACT 


A microwave  shipboard  wave-height  radar  sensor  for 
measuring  ocean  wave  spectra,  developed  by  the  llaval  Research 
Laboratory,  was  installed  on  the  containership  3.3.  ybLEAE,  February, 
1975.  The  sensor's  performance,  design,  and  analysis  of  data  for 
one  data  run  are  discussed.  The  radar  system  has  a 3 centimeters 
wavelength,  2 nanoseconds  pulse  width,  100  watts  of  peak  transmitted 
power,  10,000  pulse  per  second  repetition  rate,  2-foot  parabola 
antenna  diameter,  7 decibel  receiver  noise  figure,  100  pulses  per 
second  equivalent  pulse  processing  rate,  and  a 1-foot  resolution. 
Results  are  in  reasonable  agreement  with  airborne  measurements. 

Areas  for  improving  the  system  are  also  discussed. 
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i it!  ; ' y:  ■ ; t ::i 
. 1 1 nlr i uluet  ii  n 

Any  sensoi  Lli.it  prof  i 1 os  the  ocean  surface  and  measure 
t ho  height  vai  iations  can  provide  the  necessuy  information 
l oi  derivin'.)  the  wave  spectra.  S.iiu'o  radar  is  a range 
iiKM : . u ’ i i a)  device,  it  lends  i t.  sol  1 i do  illy  for  this  purpose  . 
I’rofili1  ; waves  with  a radar  requires  that  the  i adur  employ 
.i  Vo  y r. arrow  anti’iiiM  beam  and  very  narrow  pulses.  The 
narrow  antenna  beam  illuminates  a small  spot  sire  on  the 
ocean  su-  face  and  the  narrow  transmitted  pulse  width  permits 
resolving  the  fine  height  structure  of  the  waves.  Usin')  a 
radar  with  those  features  on  a tower,  the'  radar  returns 
clearly  show  the  ability  of  the  system  to  profile  the  ocean 
as  shown  in  Figure  2-1.  In  addition  the  narrow  antenna  beam 
permits  the  radar  to  be  aimed  away  from  the  nadir  allowing 
measurements  of  the  ocean  unperturbed  by  the  bow  wake  of  the 
moving  vessel.  Microwaves  also  permit  the  radar  to  be 
operated  day  or  night,  in  rain  or  fog,  with  bow  spray  oi  no 
bow  spray,  and  continuously  or  intermittently.  However,  the 
radar  is  ineffective  when  a solid  sheet  of  water  splashes 
across  the  antenna  beam.  This  situation  occurs  so  infrequently 
that  il  can  be  discounted. 

2.2  Radar  System  Parameters 

The  radar's  high  resolution  of  one  foot  is  achieved  by 
using  a very  narrow  pulse  of  2 nanoseconds.  Figure  2-2  is  a 
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lunctwraal  block  di.iqr.im  ot  tin-  radai  sys.tim;  and  the 
[■!  i no  i | ii  ehai'u  *1  or  i st  ics  o:  the  racial  syst  < •:•!  are: 


Wavi  ‘length 


3 coni  1 mol  ■ t:; 


Pulse  Width 


2 nanoseconds 


k Tj  i no  in  i L ted  I'owci  .1  0 0 w«  1 1 . : ■ 


Pul  so  Rope tit  i v ui  Ra t ■ 


Ant  oun a D iafti ; t o) 


10,000  |'i'i'  second 
2- foot  parabola 


Receiver  Noise  Fiqure  7 db 


Kqui  val  out  Pill  se 
Processing  Ral 


100  per  second 


The  R.P.  components  for  the  transmitter  and  receiver 
arc  mounted  in  a watertight  enclosure  on  an  antenna  pedestal 
located  about  90  leet  above  the  ship's  water  lino.  The 
antenna  is  pointed  abeam  and  tilted  down  and  out  about  19 
degrees  with  respect  to  nadir.  Fiqure  2-3  is  a photograph 
of  the  antenna  mounted  on  the  starboard  side  of  the  ship's 
bridge  and  the  figure  to  the  right  shows  a sample  of  the 
measured  data  before  processing.  Figure  2-1  shows  transmitter 
(upper  box)  and  receiver  ( lower  box)  as  they  are  mounted 
inside  the  watertight  enclosure.  The  control  and  display 
circuits  arc  located  remotely  from  the  transm i t. ter-reee i ver 
assembly  in  a standard  half  rack  as  shown  in  Figure  2-5. 

All  the  timing  and  control  signals  are  derived  in  this  unit. 
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. 1 i ' t i no  i j > 1 e i > : O;  r . 1 t i on 

the  10  KHz  • i : i< : go  no  i it  ••  , sh<  wn  i Figure  2-2, 
t r i ggei  s the  1 re.  t toi  .mi  synchro:!  - .:o:;  the  t ivoivoi 

signa  1 process!  no  . Tin*  K . !' . t : a • . i : •.  tons  cons  i s t of  ns 

wide  puis.  at  10  vlli;-  .mi  er  lieu,  ncy  with  a peak  p.  >wi  s oi 
1 00  v.’a  t ! : .eld  with  ..  pul:  . ; t i t i ; rate  ■ ' 10,000  pel 

second . The  reflected  R.F.  ’ rial:  ire.;!  file  ocean  in 
amplified  in  the  receiver  to  a usual*  1 c level.  Kmploy  i ng  an 
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scope  is  well  known  ind  will  not  be  discussed.  See  references 
[2,  3,  -1)  for  the  part  ieul.ir  scope  used  in  this  radar. 
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me  HH’.’K  ill.  | oi  tin  .illLO'.ul  • gum  co:.l  : tAUC) 

is  shown  m !'  i un'i-  7-t>.  Tho  am]  lit  tides  < 1 the  return  si 
: is  is  chan  ■ > d iiis  ■ to  ( 1 ) sc. ; ! ! e r i is ; J i ecu  a loi.  'i:  sot'...'.,, 

and  or  ( .’ ) 1 a re,  ■ eh.  n ; os  in  t !io  viewing  uivlo . Yk-  i • tool 
i>i  tho  seal  1 1 i mg  is  to  indue  rapid  changes  in  is:  iso 
ampl  i ‘ a i>  while  the  changes  line  to  viewi  no  angle  a'  ; ;uoh 
slower  ana  are  on  the  order  ol  tens  oi  s eomls . Mae  t i r.ie 
consiaiii;.  in  the  ACC  loop  are  adjusted  t o com;  . nsati  fot  tin 
slow  changes  of  ship's,  roil  but  will,  not  affect  the  vapi  d 
pu  1 s.e-t  e~i  "a  1 so  chances  . 

3.3.  .1  K.iiuii  Ti ucser 

The  block  diagram  for  tho  range  tracker  is  siiewn  in 
Figure  .1-7.  'L'he  remote  prog  rai  r.i  i.ng  feature  of  the  Tektronix 
sweep  unit  l -1  ] is  used  in  the  : unite  t rack  ing  loop-.  load  oyi  no 
this  feature  pennies  the  ranee  tracke:  to  automatical Ly 
adjust  the  t i me  delay  of  the  scope  trigger  so  that  the 
ret  timed  video  pulse  always  remains  eenterid  on  the  sampling 
scope  screen.  The  details  of  tho  tracker  arc  shown  in 
Figures  3-0,  3-9,  3-10,  and  3-11.  The  signal  flow  and  logic 
controls  are  quite  involved  and  will  not  be  discussed  here. 
This  information  will  be  provided  if  requested. 
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2.3.3  Out  put 


The  range  tracker  follows  the  peaks  and  crests  of  the 
waves  and  produces  an  output  voltage  proportaional  to  the 
range  excursions.  The  voltage  to  be  recorded  changes  one 
volt  for  eiich  12.8  feet  change  in  the  distance  of  the  radar 
antenna  from  the  ocean  surface.  When  as  many  as  fifty 
successive  range  pulses  have  been  missed,  indicating  loss  of 
range  lock,  an  error  light  is  lit.  The  AGC  meters  shows  the 
value  of  attenuation  inserted  in  the  receiver  amplifier 
which  is  a measure  of  the  returned  signal  amplitude. 


2.4  System  Drawings 

The  drawings  of  the  system  are  included  so  that  the 


details  of  the  sys 
a simplified  block 
schematic.  Figures 
and  control  panel, 
schematic,  Figure 


tern  can  be  trace  out. 
diagram.  Figure  2-8, 
2-9,  2-10,  and  2-11, 
Figure  2-12,  and  the 
2-13. 


The  drawings  include 
a total  radar  system 
the  cable  connections 
transmit ter- receiver 
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Now  t o For  tsmouth,  Virginia,  simulUiiKOur.  ocean 

Ruvl'aco  data  v.ic  t a ken  bv  the  chipboard  radar  while  an 
airborne  laser  prolilometer  and  airborne  nanosecond  radar 
were  measuring  Lho  same  seas.  The  object  of  this  effort  is 
to  establiidi  the  validity  of  the  shipboard  measured  data. 

The  shipboard  radar  data  was  recorded  a.t  30  minute 
intervals  starting  at  8:20  A.M.  FST  on  February  6,  .1  975  and 
ended  at  approximately  2:00  P.M.  or  the  same  day.  bach  file 
of  data  started  with  about  a minute  of  zero  level  setting 
and  followed  by  a minute  of  calibrations.  The  ship  was 
travelling  at  29  knots  at  211°  heading.  Approximately  9:26 
A.M.  the  aircraft  intercepted  the  ship's  track  at  3 8 0 3 ' N in 
latitude  and  74°41'  W in  longitude.  Airborne  data  was 
recorded  at  500  feet  and  at  1000  feet:  altitude  in  the 
immediate  vicinity  of  the  ship's  path.  At  500  feet  altitude, 
a laser  profilometer  15]  and  an  airborne  nanosecond  radar 
were  used  to  profile  the  ocean  surface.  At  1000  feet 
altitude,  NRL's  airborne  nanosecond  radar  was  operated  j n 
the  wave  spectrometer  mode.  Aircraft  data  was  recorded 
continuously  at  intervals  of  about  90  seconds  as  the  aircraft 
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Tin-  Umn'Hl  amount  nl  dy  ii.iiu  i c mol  ion  01  movement  othei 
than  forward  velocity  of  a ship  is  its  roll.  In  1'iqui  o .1-1 
was  shown  a sample  of  the  shipboard  radar  output  and  the 
output  of  the  roll  sensor.  The  magnitude  and  the  pei i od  ol 
the  1 oil  which  affect  the  determinal  ion  of  the  true  ocean 
wave  spectra  must  be  removed  befoi e any  real  analysis  ean  be 
conducted.  However’  other  motions  also  need  to  be  corrected 
for  unless  they  become  second  order  in  magnitude  and  can  be 
ignored . 

The  geometry  of  the  radar  aboard  ship  is  shown  in 
Figure  3- 1 . The  upper  figure  shows  the  direction  of  the 
ship  moving  into  the  paper  and  in  still  water  thus  remaining 
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illustration  of  Figure  3-1  is  shown  an  instantaneous  roll 

position  that  the  ship  can  assume.  In  this  situation,  the 

change  in  radar  distance  R(t)  is  not  due  to  waves  but  is  due 

to  the  ship's  motion  .and  1 lie  radar  then  measures  the  distance 

R.  instead  of  K . The  magnitude  of  the  change  in  K to  R, 

0 o o t' 


3-3 


needs  to  he  determined.  The  geometry,  .ir.siiin  i ng  rigid  body 
motion,  for  dotermininq  this  change  is  shown  in  Figure  3.1 
whore 

H = distance?  from  radar  antenna  to  water  sui- lace,  in 
o 

the  direction  of  ship's  symmetric  axis,  and  0° 

roll  anqle ; 76  ft.  for  11  in  those  cal cu la t ions . 

o 

11  = distance  from  radar  antenna  to  water  surface  in 

0 

the  direction  of  ship's  symmetric  axis,  caused  by 
(i  deqrees  roll  anqle. 

X,  - horizontal  distance  of  radar  antenna  from  center 
o 

of  qravity  of  the  ship  at  0°  roil  angle,  40  ft. 
for  these  calculations. 

0 = anqle  of  roll;  positive  in  clockwise  convention, 

from  vertical  upright  position,  by  looking  into 

the  direction  of  ship's  heading. 

R = radar  distance  of  0°  roll  angle, 
o 

R.  = radar  distance  at  0°  roll  angle, 

0 

a = look  angle  of  radar  antenna,  16  degrees, 

Ct;  = center  of  gravity  of  the  ship, 

MC  metacenter  of  the  ship, 

BC  = buoyant  center  of  the  ship. 


From  the  haw  of  Sine's,  it  can  be  shown  that 


(1  ) 


sin - 0) 


s i n ( -j  + 0 -a) 
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Rear  rung  ing 

sail,  - 0) 

h n £ — — — 

1 s in  ( ^ ■ ■*  0 — <x) 


<Ho 


COSll 

J,  taint') 

cos (0  - a) 


(2) 


where  R^  is  the  radar  distance  to  the  water  surface  at  a 

roll  angle  of  0°.  Using  Equation  (2)  the  values  for  R (t) 

can  bo  determined  from  II  , L , a,  which  are  given  and  the 

o o 

roll  tingle  0 which  can  be  obtained  from  the  ship's  roll 
sensor . 

Using  R(1(t)  in  the  radar  distance  measurements,  the 
following  relationship  can  be  established: 


Vfc) 


R(,(t)  + r.  (t)  + AR  (t) 


( 


where 


Kr<<)  - 


(t) 


AR  ( t ) - 


the  radar  distance  measurement  to  the  wa ter 
sur  face 

the  instantaneous  apparent  wave  height 

the  radar  distance  changes  due  to  ship  motion 

other  t han  ro 1 1 . 


This  relationship  shows  the  effect  of  ship  motion  in 
conjunction  with  wave  mot  ion  and  their  effect  on  the  radar 


range  moa suv cmon t. s , but  nssumi's  tli.it  any  flexure  which 
changes  the  distance  between  the  radar  antenna  and  the 
center  of  cjravi  ty  is  negligible.  fell  oilier  motion  changes 
sucli  as  yaw,  pitch  and  heave,  etc.  are  combined  into  AR(t). 
f.  ( t ) , the  tern;  of  interest  in  describing  the  sea  surface-,  is 
small  in  magnitude  and  it  modulates  the  distance  R,,(t)  which 
is  .large.  The  shipboard  equipment  was  designed  only  to 
record  this  modulation  and  as  a result  a Jaige  distance 
bias,  D,  remains. 

Let 

RA(t)  = RR(t)  - D (4) 

where  R (t)  is  called  the  relative  radar  range  measurement 
and  D is  a constant.  Substituting  (3)  into  (4), 

RA(t)  = R0(t)  + C (t)  -l-  A R ( t ) - D . (5) 

Rearranging  the  terms 

UA(t)  - R (t)  = r.(t)  + A ( t ) - D.  (6) 

Redefining  (G) 

R, (t)  = RA(t)  - RQ (t) 

= l,  (t)  + AR  (t)  - D , (7) 
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where  u ((  ) it;  tin-  i i-l.it  ivo  radar  ramie-  without  t ho  c-He-el 
ot  ship's.  roll.  Rea  r r .mq  i nij  l ho  U.-rm:; 


. ( t ) K.  (I  ) - l A K ( t ) - D]  . 


Tii  i rotiultu  in  { t ) closer  i i).i  ikj  t 


\j  su  i l ace  rial  ions. 


There  still  exist  AR(t)  - 1)  which  has  not  been  account  eel  1 o i* 
because  I'  is  basically  a 1X1  term.  This  however  can  bo 
removed  by  filteriiuj  the  data.  A K ( t ) , as.  dotined,  consist 
of  all  the  other  ship  motions  a i l\-et  iiw)  the  radar  ranae 
measurement  s . The  hieih  1 re.]Uc-iu-y  componen  t s ot  'R(t)  are 
o£  such  low  muep-.itudo  that  their  effect  on  the-  wave  nu-asurc-- 
mentr.  is  nocj.l  ic|it-lo,  whereas,  the  low  I rc-iiuencv  component  can 
lie  effectively  removed  with  a h.iyh  pas.:;  filter.  ’.(1)  still 
contain;  a doppler  term  and  it  must  be-  taken  care  ot  lx- tori' 
it  is;  possible  to  study  the'  ocean  surface  eharaeterisl  ics. 

In  Appendix  A the  filtei  iticj  process,  employed  t.o  remove  the 
AR ( t ) t erm  i s d i soussed . 

The  term  ;,(<■)  describing  the'  amplitude'  variations  of 
the  wave's  as  the'  j'.idat  profile’:;  tin’  surf.u’e  wh  i 1 e the'  s.hip 
is  underway  includes  a dopple'i  term.  Due  t o the  velocity  ot 
the'  ship  and  the'  dopp.lor  effect  , the'  wave's  encountered  are' 
foreshortened.  Thus  the  wave'  1 one)  t hr.  measured  are  not  the' 
true  ocean  wnvc'.l  one.i  l-h  but  an  apparent  wavi-lenth.  It  the 


radar's  instrumentation  had  i ncorpoi  at  eel  a coherent  R.F. 
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: i 1 I ] ' Ve'loe'i  t V 
i ns 1 1 union ta  i on , be  subtiacte'd  directly.  Since  thin  in.  not 
the  cane,  it  is  neccsisury  to  correct  the'  apparent  spee-tiu  to 
a true  spectra.  In  ore*,  i 1 «'  accompli sh  this,  it  is  no 
lomjer  possible'  to  operate'  in  the  time’  domain  but  erne’  must 
resort  tea  workinq  in  the'  wave'  number  e>r  frequency  domain. 
Thus  the’  time  function  must  be-  transformed  .into  a wave 
number  function: 


i.  (t)  transforms 


where  k .is  the  apparent  wave  number  because  of  the  doppler 

effect  and  y „ ( k ) is  the  apparent  wave  number  spe'etrum.  It 
A A 

can  be  shown,  Appendix  B,  that 


1,1  A transforms  > 

where  (o,., ) is  the  true  wave'  frequency  spectrum. 

s*>  (e\  ) is  the:  spectrum  shown  in  the  results . Eejuntion  (B-2) 

in  Appendix  B . 

3.3  Fast  Fourier  Transform 

A fast  fourior  transform  [(>]  was  used  in  t lie  spectral 
analysis  and  since  this  is  standard  operation,  it  will  not. 
be  discussed  here . However  it  was  necessary  to  use  a 
Hamming  function  [7]  to  smooth  the  spectra. 
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If  different  spectral  bandwidths  are  desired,  the  upper 
frequency  bound  can  be  j aisod  by  increasing  the  antenna 
sine.  The  lower  frequency  bound  can  also  be  extended  but 
this  requires  removing  the  ship's  motions  without  the  use  of 
high  pass  filter.  The  analysis  requires  ship  motion  sensors 
at  the  site  of  the  antenna  to  record  the  actual  excursions 
of  the  antenna.  In  this  manner  .it  is  possible  to  resolve 
the  longer  wavelengths  of  the  spectra. 

3.5  Significant  Wave  Height 

Significant  wave  heights  were  determined  from  liquation 
(9)  employing  the  following  [9] 

Hl/3  = <l)> 
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did  not  exist,  it  is  not  possible  to  make  comparison  with 
the  Pi erson-Moskovi ty  spectrum  [ 1 0 J . Airborne  mosurements 
ax'e  presented  in  Figure  3-10  and  3-11  . Figure  3-10  shows 
the  measurements  made  by  laser  prof i lomcter  and  the  nano- 
second radar.  Figure  3-11  shows  the  analyzed  results  from 
the  airborne  nieasurments.  Laser  prof ilemeter  registered 
6.04  feet  and  the  nanosecond  radar  registered  4.70  feet  as 
the  significant  wave  height,  based  on  data  while  flying  at 
600  feet.  At  1000  feet,  operating  the  nanosecond  radar  in 
wave  spectrometer  mode  yielded  significant  wave  height  of 
6.60  feet.  All  airborne  measurements  were  made  in  the 
vicinity  of  the  ship  during  part  of  the  time  the  shipboard 
radar  was  recording  data  that  is  shown  in  file  3.  Accordingly, 
Figure  3-11,  the  airborne  measurements  and  Figure  3-3  of 
the  shipboard  measurements  are  combined  in  Figure  3-12  for 
comparison.  The  shapes  are  very  similiar.  The  significant 
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wave  heiqhfs  of  .ill  t !)■  iiuM.'.urt'i-n'iit  a shown  in  I ' i . j : . >-] 

Till'  (.lata  ,iu'  in  reasonable  aq  reement  , e>q  u i a 1 1 y when  timo 
coincidence  of  the  data  is  not  possible  ■•.■!  the  uiicraft 
covers  sucli  1 ai'.jo  area  about  the  ship. 

3.7  Discussions 

In  any  system,  one  can  always  find  areas  for  improve- 
ment. , and  this  radar  is  no  different.  After  conduct  in-.:  the 
anlnysis  of  the  data,  several  points  should  be  noted. 

1.  future  radars  for  this  purpose  should  record  t he 
total  range  as  well  as  the  range  modulation  by  the  waves. 

The  advantage  is  to  enable  one  to  make  absolute  corrections 
for  the  ship  motions;  otherwise,  only  relative  corrections 
can  approximately  be  made  for  ship  motions,  and  still  leave 
the  DC  offset  as  an  unknown  quantity. 

2.  7v  shipboard  radar  measurement  of  wave  spectra 
permit  viewing  the  undistrubed  area  of  the  sea.  With  better 
time  and  spatial  resolution  and  by  employing  accelerometers 
on  the  antenna,  the  ship  motion  effects  can  be  removed 
directly.  Three  accelerometers  and  three  angular  sensors  at 
the  site  of  the  radar  are  recommended  for  future  measurement 

3.  Shipboard  radars  can  operate  in  nil  types  of 
weather,  twenty-four  hours  a day. 
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0,‘l  SHIPBOARD  WAVEHEIGHT  RADAR  SYSTEM 


D.  Chpn  and  D-_Hamntond 


U.S.  Naval  Research  Laboratory 
Washington,  D.C.  20375 


-and  Headquarters 
search  Si  Develops 
D.C.  20590 


ASSTRA 


A microwave  shipboard  wave-height  radar  sensor  for 
ocean  'wave  spectra,  developed  by  the  Naval  Research 
, was  installed  on  the  containership  S.3.  MjLZa::,  February 
e sensor's  performance,  design,  and  analysis  of  data  for 
un  a-'e  discussed.  “he  radar  system  has  a 3 centimeters 
, 2 nanoseconds  pulse  width,  100  watts  of  peak  transmitted 
130  pulse  per  second  repetition  rate,  2-foot  parabola 
abater,  7 decibel  receiver  noise  figure,  100  pulses  per 
ivalent  pulse  processing  rate,  and  a 1-foot  resolution, 
e in  reasonable  agreement  with  airborne  measurements, 
improving  the  system  are  also  discussed. 
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